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Background: Crossing the hands over the midline can reduce the
perceived intensity of nociceptive stimuli applied onto the hands. It
remains unclear to what extent intact representation of peripersonal
space influences this effect. Here we used the crossed-hands paradigm in
patients with unilateral spatial neglect, a neuropsychological condition
characterized by the inability to detect, attend and respond to
contralesional (most often left) stimuli, and spared ability to process
stimuli in the non-affected space.
Methods: Sixteen post-stroke patients without unilateral neglect and
11 patients with unilateral spatial neglect received punctate mechanical
pinprick stimuli onto their crossed or uncrossed hands. We tested: (i)
whether deficits in space representation reduce the possibility of
observing ‘crossed-hands analgesia’, and; (ii) whether placing the
contralesional hand, normally lying in the affected space in the healthy
space would increase the number of detected stimuli.
Results: Our results showed that neglect patients did not exhibit
‘crossed-hands’ analgesia, but did not provide strong evidence for an
improvement in the number of detected stimuli when the contralesional
hand was in the healthy space.
Conclusion: These findings uphold the notion that the perception of
nociceptive stimuli is modulated by the relative position of the hands in
space, but raise questions about the conditions under which these effects
may arise.
Significance: We show that deficits in space representation can
influence the processing of mechanical pinprick stimuli. Our results raise
several questions on the mechanisms underlying these effects, which are
relevant for the clinical practice.
1. Introduction
Studies in healthy volunteers have shown that noci-
ceptive stimuli can be perceived as less intense when
applied onto the hands crossed over the midline
(Gallace et al., 2011; Torta et al., 2013) (the so-called
‘crossed-hands analgesia’). It has been proposed that
this effect results from an impaired multimodal pro-
cessing due to the conflict between somatotopic and
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space-based frames of reference onto which noci-
ceptive (and non-nociceptive) somatosensory stimuli
are coded (Sambo et al., 2013; Heed and Azanon,
2014). In this view, it is possible that the cost of re-
aligning neural representations of the location of
the stimuli based on different frames of reference
reduces cognitive resources allocated to the elabora-
tion of the intensity of the stimulus (Gallace et al.,
2011). An alternative explanation is that the main-
tenance of an unusual body posture per se requires
additional computational costs, related to updating
our canonical body representation, that would ulti-
mately result in a reduction in the perceived inten-
sity of the stimuli (Moseley et al., 2012; Torta et al.,
2013) (however, see (Heed et al., 2015) for a
review on how the advantage of using anatomical
vs. spatial frames of reference depends on task
requests).
The two aforementioned mechanisms might also
not be mutually exclusive. However, it is clear that a
necessary requirement for the first hypothesis to be
true is that a ‘remapping’ of the location of the stim-
uli takes place. In some conditions, this capacity
might be reduced (Karnath, 2015). One example is
constituted by unilateral spatial neglect, a neuropsy-
chological condition characterized by the inability to
detect, attend or respond to stimuli contralateral to
the side of cerebral damage (Heilman et al., 1993;
Bisiach and Vallar, 2000) that is more often observed
after damage (e.g. a stroke) to the right hemisphere
(Bisiach and Vallar, 1988). Importantly, behavioural
impairments in unilateral spatial neglect cannot be
exclusively explained by primary sensory deficits,
but involve deficits in spatial representation, and
higher level of stimulus processing (Bisiach and Luz-
zatti, 1978; Bisiach and Vallar, 1988; Driver and
Vuilleumier, 2001).
The first aim of this study was to investigate if the
presence of deficits in spatial representation modu-
late the so-called ‘crossed-hands analgesia’. Our
hypothesis was that patients without neglect would
perceive stimuli applied onto the crossed hands as
less intense. In contrast, neglect patients would per-
ceive stimuli applied to the contralesional hand as
more intense when the contralesional hand moved
from the neglected to the healthy space.
In addition to this, the second aim of the study
was to characterize if patients report an increased
number of stimuli when these are applied onto the
contralesional hand positioned in the ipsilesional
space (see Fig. 1 for an illustration). We tested these
two hypotheses using mechanical punctate stimuli
(i.e. pinprick stimuli), because Klit et al. (2014)
recently suggested that early evoked pain (including
pinprick pain) can be a predictor for the develop-
ment of central post-stroke pain. In this sense, it
becomes very relevant to investigate, in post-stroke
patients, the possibility that the perception of noci-
ceptive pinprick stimuli is influenced by the relative
position of the hand in the peripersonal space.
2. Materials and methods
2.1 Selection of the patients
Patients were enrolled from the Division of Neurol-
ogy and the Stroke Unit of the Citta della Salute e
della Scienza, Molinette Hospital and the Neuropsy-
chology Unit of the San Camillo Hospital, both in
Turin. Patients were tested for cognitive decline by
expert neuropsychologists, and enrolled if they were
able to clearly understand the task (i.e. lack of apha-
sia) and/or had scores above cut-off for the Mini
Mental State Examination (MMSE > 23, Folstein
et al., 1975; Carlesimo et al., 1996) or Montreal Cog-
nitive Assessment, MOCA1 (Nasreddine et al., 2005).
Patients recruited at the Division of Neurology and
the Stroke Unit of the Citta della Salute e della
Scienza Hospital were tested with the MMSE.
Patients recruited at the San Camillo Hospital were
tested only with the MOCA and not the MMSE.
Post-stroke patients were tested from one week to
more than one year after the stroke, depending on
the centre where they were recruited. Brain tumour
was considered an exclusion criterion. All patients
were right-handed according to self-report and
administration of the Edinburgh Inventory Scale
(Oldfield, 1971). The experimental procedure was
approved by local ethical committees.
2.2 Neuropsychological assessment for space
unawareness
Visual neglect was assessed with the Bells test
(Gauthier et al., 1989), Behavioral Inattention Test
(Halligan et al., 1991) and the Diller Test (Diller and
Weinberg, 1977). Bells and Diller Tests are cancella-
tion tests which require to cross out targets in a con-
text of other visual distracters. In the Bells test
targets are represented by bells, in the Diller by the
letter ‘H’. Omissions of targets in the left but not in
the right side of the sheet were considered signs of
neglect. Cut-off scores are 6 (out of 15) left omitted
targets for the Bells Test and a difference ≥5 between
left and right omitted ‘H’s in the Diller Test. The
Behavioral Inattention Test (BIT) (Halligan et al.,
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1991) consists of six conventional (BIT-C) and nine
behavioural subtests (BIT-B) assessing a broad range
of daily life abilities, including drawing, reading a
menu, dialling a phone number. Cut-off scores are
129/146 for the BIT-C and 67/81 for the BIT-B. A
score below the cut-off in any of these tests was con-
sidered sign of neglect. Primary sensory deficits were
assessed using Bisiach and collaborators’ tasks (Bisiach
et al., 1986) (see also following paragraphs).
Patients recruited at the Division of Neurology and
the Stroke Unit of the Citta della Salute e della
Scienza Hospital were screened for the presence or
absence of neglect with the Bells test. The BIT-C,
BIT-B and Diller tests were performed only at the
San Camillo Hospital.
Participants showing no sign of neglect at these
tests were further screened for the presence of a
more subtle clinical condition, named ‘extinction’.
Patients suffering from extinction do not show the
same marked deficits that neglect patients do; for
instance extinction patients have a preserved ability
to detect, attend and respond to contralesional stim-
uli. However, when stimuli are presented concomi-
tantly in the contralesional and ipsilesional sides,
patients with extinction are impaired at detecting
the contralesional stimulus, which competes with
the ipsilateral one. Neglect and extinction have been
considered by some authors as representing a contin-
uum along severity of spatial attention deficits, but
more often as two distinct syndromes associated with
different neuronal substrates (Vallar et al., 1994;
Umarova et al., 2011; de Haan et al., 2012). Extinc-
tion can occur within any sensory modality, and
even cross-modally (for instance when a visual stim-
ulus extinguishes a tactile contralateral one or vicev-
ersa) (Mattingley et al., 1997).
Visual extinction was assessed by a confrontation
technique as in (Bisiach et al., 1986). The experi-
menter, in front of the patient, moved one or both
index fingers in the left, right or both hemifields. To
assess tactile extinction, the experimenter precluded
the vision of the hands to the patient and delivered
single or double light touches to the right, left or
both hands. Series of 30 stimuli (10 unilateral left,
10 unilateral right and 10 bilateral) were used for
both vision and touch. Visual and tactile extinctions
were diagnosed when 30% of double stimuli were
omitted, but at least 80% of single contralesional
stimuli were detected (Aglioti et al., 1999; Bar-
tolomeo et al., 2004). If more than 80% of single
stimuli were omitted the patient was considered as
having a primary sensory deficit, i.e. hemianopia
and/or hemianaesthesia.
Using these criteria, we enrolled 31 patients of
which 16 were free of any sign of unawareness of
space (control group). Twelve patients were diag-
nosed with neglect (neglect group), but one neglect
patient was discarded as the symptoms were due to
Figure 1 Flowchart of patient selection. Panel A. Flowchart of patient selection. Out of 31 patients, 30 had vascular accidents and were included
in the sample. Of these, 11 were diagnosed with neglect, 16 showed no signs of unawareness of space, and 3 were diagnosed with extinction.
Panels B and C. Schematic illustration of the terminology used in the paper.
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a tumour. Two additional patients showed extinction
to visual stimuli (but not tactile), and one showed
extinction to tactile stimuli (but not visual ones). In
light of our previous considerations, that neglect and
extinction partially overlap but are often considered
as separate syndromes, the analyses were performed
both including and excluding the three patients with
extinction as part of the neglect group. Indeed, anal-
ysis of neglect and extinction patients together aimed
at investigating the extent to which any form of spa-
tial deficit influences nociceptive processing. On the
other hand, separate analyses were able to provide a
clearer picture about the effect of these two different
pathologies on nociceptive processing. The results of
the group including both neglect and extinction
patients are presented in the supplementary mate-
rial, data here refer only to the comparison Neglect
versus Controls. See Fig. 1 for a flowchart of patient
selection. Importantly, considering that only three
patients were diagnosed with extinction, no formal
testing was carried out on that group only and
results are showed for completeness.
Clinical details of the patients are shown in
Table 1.
2.3 Experimental procedure
Patients were tested, blindfolded, in an upright posi-
tion. When in bed, a pillow or a rigid tray was
placed below the arms as to keep them at the same
level. Patients able to move from the bed were tested
on a wheel-chair, while sitting in front of a table,
with arms positioned on it. We applied mechanical
punctate stimuli on either hand, which were kept
uncrossed or crossed over the body midline.
Mechanical punctate stimuli were applied using a
hand-held pinprick probe having a flat cylindrical tip
of 250 lm. We used, in all patients, probes exerting
a force of 256 or 512 mN, the maximal available in
the pinprick set. We chose the two highest forces to
maximize the chances of obtaining a clear and prick-
ing sensation in all patients. We opted for two forces
for two main reasons: (i) to increase the attention of
the patients to the task, by varying the stimuli and
Table 1 Clinical characteristics of the sample.
Patient Group
Frontal Parietal Temporal Occipital
Insula Basal Ganglia Lesion Hemisphere Exam Time from the eventLobe Lobe Lobe Lobe
1 N+E+ X Ischaemia R RM <2 months
2 N+E+ X X Ischaemia R RM <2 weeks
3 N+E+ X Haemorrage R TC <2 weeks
4 N+E+ X X X Ischaemia R TC <2 months
5 N+E+ X X Ischaemia R TC <2 weeks
6 N+E+ X X X Ischaemia R TC <2 months
7 N+E+ X Ischaemia R TC <3 months
8 N+E+ X X X Ischaemia R TC <2 months
9 N+E+ X X X Ischaemia R TC <2 weeks
10 N+E+ X Ischaemia R TC <2 weeks
11 N+E+ X X X Ischaemia R TC <2 months
12 N+E+ X Ischaemia R TC <2 weeks
13 N+E+ X X X Ischaemia R TC <2 months
14 N+E+ X Ischaemia R TC >than 1 year
15 NE X Ischaemia R TC <2 weeks
16 NE X X X Haemorrage L TC <2 weeks
17 NE X X X Ischaemia L RM <2 weeks
18 NE X Ischaemia L TC <2 weeks
19 NE X X Ischaemia R RM <2 weeks
20 NE X Ischaemia R TC <2 weeks
21 NE X Haemorrage L TC <2 weeks
22 NE X Ischaemia R RM <2 weeks
23 NE X Ischaemia L TC <2 weeks
24 NE X X Haemorrage R TC <2 weeks
25 NE X X Haemorrage R RM <2 weeks
26 NE X Ischaemia R TC <2 weeks
27 NE X X X Ischaemia R TC <2 weeks
28 NE X X Haemorrage L TC >than 1 year
20 NE X Ischaemia R TC <2 months
30 NE N.A. Ischaemia R N.A. na
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(ii) to control for the ability of the patients to detect
properly the two intensities.
The task comprised four blocks of 20 single stimuli
each (ten 256 mN and ten 512 mN stimuli), for a
total of 80 stimuli for the whole experiment. Patients
were asked to rate verbally the intensity of the stim-
ulus on a numerical rating scale from 0 (no pinprick
sensation) to 100 (the most intense pinprick sensa-
tion) after each administration. Prior to the begin-
ning of the experimental procedure, a short
familiarization block of 5 stimuli per hand was
administered. Stimuli were applied in a pseudoran-
dom sequence, and no more than 3 stimuli of the
same force were consecutively applied onto the same
hand. The first block, uncrossed or crossed, was bal-
anced across patients. The experimental procedure is
illustrated in Fig. 2.
2.4 Analysis
To study the effect of neglect on the ‘crossed hand
analgesia’ we first normalized the data within each
patient. This aimed at minimizing the variability. For
each patient we calculated the mean and standard
deviation of ratings provided for the 80 stimulations,
irrespective of the arm onto which the stimuli were
applied. Importantly, only stimuli that were rated >0
(e.g. that were perceived) were included in the
analysis.2 Then, each rating was subtracted to the
average score of the patient, and divided by the stan-
dard deviation. In this way, for each patient, 0 repre-
sented his/her average rating, a normalized value >0
meant that the stimulus was perceived as more intense
than average, a normalized value < 0 the opposite.
To investigate the effect of crossing the hands on
the detection of the stimuli, we calculated, for each
patient and each condition, the percentage of per-
ceived stimuli. Please note that this measure was not
derived from an additional task, but on the number
of perceived stimuli in each block of the previously
explained task.
2.5 Statistical analysis
The effect of neglect on ‘crossed-hands analgesia’
was investigated by performing a 4-way repeated-
measure ANOVA using as within factors the ‘Inten-
sity’ (256 mN vs. 512 mN), ‘Position’ (crossed vs.
uncrossed) and ‘Side’ (contralesional vs. ipsilesional).
The group (neglect vs. controls) was included as a
between factor.
The possibility that patients perceived more stimuli
in the crossed hand position and neglected contrale-
sional stimuli in the uncrossed position was tested
Figure 2 Experimental setup. Patients received 80 stimuli, which were divided into four blocks of 20 stimuli each. Within each block, stimuli of
lower (256 mN, N = 10) or higher (512 mN, N = 10) forces were intermingled and applied on both the right and left hands, with no more than
three stimuli presented consecutively on the same hand. Patients were asked to rate the intensity of the pinprick stimuli on a numerical rating
scale ranging from 0 to 100.
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by performing a 4-way repeated-measure ANOVA
on the percentage of detected stimuli, with the same
factors as described above.
3. Results
3.1 Neuropsychological profiles
The neglect and control groups did not differ in
terms of age (t(26) = 0.066, p = 0.948), education (t
(26) = 0.38 p = 0.70) and general cognitive impair-
ment as measured by the MMSE (t(20) = 1.95,
p = 0.065). Patients assigned to the neglect or con-
trol group at the Division of Neurology and the
Stroke Unit of the Citta della Salute e della Scienza
Molinette Hospital differed significantly on the
number of left omissions at the Bells test (t
(14) = 2.168, p = 0.035). Patients at the San
Camillo Hospital scored below cut-off at the other
tests (BIT-C: 85.37  33.03, BIT-B 45.16  15.59,
Diller difference left-right omitted targets 13  9),
and were, in light of these scores, considered as suf-
fering from neglect.
3.2 Crossed-hands effects
Single-subject results are shown in Fig. 3 (please
refer to Supporting Information Figs. S1 and S2 for a
graphical representation of the performance by
extinction patients). Whereas in the control group
81% of the patients reported reduced perceived
intensity for stimuli applied onto the contralesional
Figure 3 Single-patient data (A) and contingency tables (B). A. Normalized values for the perceived intensity of the stimuli applied onto the ipsile-
sional and contralesional hand in the crossed or uncrossed position. The 256 and 512 mN forces are represented together. Red lines indicate
patients who increased their scores in the crossed position. Please note that, in the neglect group, three patients showed a large decrease and
dragged the sample mean. However, the majority of the patients showed an increase in ratings with the hands crossed. This figure refers to the
analysis without extinction patients (for that see Supporting Information Fig. S2). B. Contingency tables. Whereas the behaviour was similar in the
two groups for the ratings of stimuli applied onto the ipsilesional hand, a significantly larger number of neglect patients rated stimuli applied onto
the contralesional hand as more intense when the hand was placed in the healthy space.
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hand when this was placed in a crossed position,
72% of neglect patients increased their ratings for
stimuli applied onto the contralesional hand when
this was positioned in the healthy space, that is, in
the crossed position. A chi-square analysis showed
that there was a statistically significant association
between the ‘Group’ and the possibility of showing
‘crossed-hands analgesia’ for stimuli applied onto the
contralesional hand v(1) = 4.030, p = 0.04. Such an
association was not observed for stimuli applied onto
the ipsilesional hand v(1) = 0.580, p = 0.44.
The results of the 4-way ANOVA showed main
effects of ‘Intensity’ (F(1,25) = 38.050 p < 0.001 par-
tial g2 = 0.604), ‘Position’ (F(1,25) = 8.189
p = 0.008 partial g2 = 0.247) and ‘Side’ (F
(1,25) = 9.876 p = 0.004 partial g2 = 0.283). A sig-
nificant interaction ‘Group’ 9 ‘Intensity’ 9 ‘Position’
was also observed (F(1,25) = 6.593 p = 0.017 partial
g2 = 0.209). Three-way ANOVAs carried out sepa-
rately per group revealed, in the control group, a
main effect of ‘Position’ indicating that crossing the
hands reduced the perceived intensity of the stimuli
(F(1,15) = 4.743 p = 0.053 partial g2 = 0.226). This
effect was not observed in the neglect patients group
(F(1,10) = 3.975 p = 0.086 partial g2 = 0.266), see
Figs. 3 and 4 for details. The main effect of ‘Inten-
sity’ was observed in both groups (controls F
(1,15) = 21.400 p < 0.001 partial g2 = 0.588, neglect
F(1,10) = 16.724 p = 0.002 partial g2 = 0.626). In
addition, the neglect group showed a main effect of
‘Side’ F(1,10) = 5.722 p = 0.038 partial g2 = 0.364).
3.3 Percentage of perceived stimuli
The results at the single subject and group levels, as
well as the percentage of non-detected stimuli per
side and per intensity are reported in detail in
Table 2 and Fig. 5.
We observed significant main effects of ‘Intensity’
(F(1,25) = 6.623, p = 0.016 partial g2 = 0.209) and
‘Side’ (F(1,25) = 7.310, p = 0.012 partial g2 = 0.226)
suggesting that more stimuli of a higher force were
detected when applied onto the ipsilesional hand.
The interaction ‘Group’ 9 ‘Position’ 9 ‘Intensity’
was also significant (F(1,25) = 5.299, p = 0.030 par-
tial g2 = 0.175).
Figure 4 Panels A and B. Effect of crossing the hands on the perceived intensity of the stimuli in the neglect and control groups. Data are normal-
ized at the single-subject level, with 0 representing the average score. Downward bars (perceived intensity < 0) indicate that patients perceived
the stimuli significantly less intense than the average. Upwards bars (perceived intensity > 0) indicate that the stimuli were perceived as more
intense than average. Panel C. In the neglect group, the term contralesional refers to the hand onto which the stimuli were applied, in this case
the left hand. In the condition uncrossed contralesional, stimuli were applied to the hand placed in the neglected side (reference the body mid-
line). In the ‘crossed contra’ condition, stimuli were applied to the contralesional hand (the left) that was instead placed in the right (healthy) por-
tion of space.
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Three-way ANOVAs carried out separately per
group did not reveal further differences.
4. Discussion
Recent research has highlighted the role of space and
body representation in pain perception (Legrain
et al., 2012; Haggard et al., 2013; Trojan et al.,
2014). Unilateral neglect constitutes an interesting
model to study the effect that unawareness of con-
tralesional space has on the elaboration of
nociceptive stimuli. In this study we have addressed
two questions: First, we have used the ‘crossed-hands
analgesia’ effect to test how awareness of space
affects the perception of intensity of nociceptive stim-
uli. Second, we have tested if crossing the hands
improves (or worsens) the number of detected noci-
ceptive stimuli depending on the position of the
hand, when this is in the healthy or neglected space.
We observed that unilateral spatial neglect dimin-
ishes the ‘crossed-hand analgesia’ effect. Indeed,
72% of patients reported higher, instead of lower


























1 Neglect 100 100 100 100 100 100 100 100
2 Extinction 100 100 100 100 100 100 100 100
3 Neglect 100 100 100 100 100 100 100 100
4 Neglect 50 60 100 100 20 30 100 100
5 Neglect 100 100 100 100 100 100 100 100
6 Neglect 80 90 100 100 90 100 100 100
7 Neglect 100 100 100 100 100 100 100 100
8 Neglect 100 100 100 100 100 100 100 100
9 Extinction 100 100 100 100 100 100 100 100
10 Extinction 100 100 100 100 100 100 100 100
11 Neglect 90 90 90 100 40 60 70 100
12 Neglect 100 100 100 100 100 100 100 100
13 Neglect 100 100 100 100 100 100 100 100
14 Neglect 10 40 90 90 30 80 70 90
15 Control 100 100 100 100 100 100 100 100
16 Control 100 100 100 100 100 100 100 100
17 Control 100 100 100 100 100 100 100 100
18 Control 100 100 100 100 100 100 100 100
19 Control 90 90 91 100 85 82 100 100
20 Control 100 100 100 100 100 100 100 100
21 Control 100 100 100 100 100 100 100 100
22 Control 100 100 100 100 100 100 100 100
23 Control 100 100 100 100 100 100 100 100
24 Control 100 100 100 100 100 100 100 100
25 Control 100 100 100 100 100 100 100 100
26 Control 100 100 100 100 100 100 100 100
27 Control 100 100 100 100 100 100 100 100
28 Control 100 100 100 100 100 100 100 100
29 Control 70 80 70 90 60 70 90 90
30 Control 50 80 100 100 70 70 100 100


























Neglect 88 91 95 99 84 90 95 99
Controls 94 97 97 99 94 95 99 99
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scores to stimuli applied to the left contralesional
hand placed in the right healthy space. This finding
indicates that the position of a hand in the periper-
sonal space contributes to the perception of nocicep-
tive stimuli. In addition, we observed that patients
with unilateral spatial neglect were able to report a
high number of stimuli >90%, probably due to the
high force of the applied stimuli. Importantly, how-
ever, it is unlikely that the missing 10% depends
merely on primary sensory deficits, which were
excluded by clinical examination. Although one can
wonder if residual sensory deficits were not detected
(see (Brozzoli et al., 2006; de Haan et al., 2012)) the
fact that patients were able to discriminate between
the two intensities advocates against this possibility.
However, a thorough sensory examination can be of
added value in future studies on the topic, to
exclude (or not) this possibility.
The finding that unilateral spatial neglect can influ-
ence the processing of nociceptive stimuli is not
entirely new. In a previous study, Liu and colleagues
investigated the effects of neglect on the perception
of thermal pain stimuli applied concomitantly onto
both arms (dual simultaneous stimulation protocol,
DSS). This paradigm is often used to test extinction of
sensory stimuli. The authors observed that patients
suffering from visual neglect perceived a reduced
number of thermal stimuli during the DSS, often mis-
judging their modality (hot vs. cold) and their loca-
tion (attributing stimulation to the left arm to the
right arm, or viceversa). This finding already pointed
to the possibility that spatial representation contributes
to the processing of nociceptive stimuli. However, by
using a DSS and not a crossed-hands paradigm, the
authors could not assess the relative contribution of
space representation on the processing of nociceptive
stimuli. In addition, the authors also reported that nor-
mal volunteers performed worse in the DSS when
nociceptive stimuli were presented as compared to
when visual stimuli were presented, opening the possi-
bility that at least part of the effect was due to non-spa-
tial attentional deficits possibly related to the higher
cognitive load due to the administration of competing
stimuli. It has been previously shown that high cogni-
tive load affects the performance in neglect patients
(Bonato et al., 2010; Ricci et al., 2016).
Altogether our data build on previous knowledge
that somatosensory stimuli are coded under both
Figure 5 Percentage of perceived stimuli in the neglect and control groups. Percentages were calculated on the basis of the stimuli perceived
and rated as greater than zero (raw data).
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somatotopic and space-based frames of reference,
and that these coding systems are used in a flexible
way that can depend on task requests (Aza~non et al.,
2015; Badde et al., 2015; Heed et al., 2015). Interest-
ingly, it has been shown that early blind people rely
mainly on anatomical coordinates when they have
to localize tactile stimuli (Collignon et al., 2009),
suggesting that, if visually developed coordinates of
the external space are not available, somatotopic ref-
erences are used by default.
Although our results indicate significant differ-
ences between the groups, they also suggest that the
presence or absence of crossing-hands effects in
neglect patients is not a clear cut phenomenon.
Studies in human healthy volunteers have also high-
lighted that the ‘crossed-hands analgesia’ is not
always observed (Valentini et al., 2015), but that it
possibly depends on small variations of the experi-
mental conditions and/or not yet identified modera-
tor or mediator variables. On a more general level,
the variability at the single-subject level of the
effects of cognitive manipulations on pain (see also
(Torta et al., 2015)) should suggest caution in driv-
ing straightforward and, possibly, too simplistic con-
clusions. In the present case, we believe that there
are several possible sources of variability. Neglect per
se is not an on/off syndrome, but its characteristics,
prevalence, lesional site largely vary (Committeri
et al., 2007; Molenberghs et al., 2012) and can also
considerably depend on the assessment methods
(Bonato, 2012). The same holds true for the control
group: it might well be that patients assigned to that
group could have had subclinical forms of neglect
not easily detectable with standard pencil and paper
tasks (Bonato et al., 2013; Bonato, 2015; Sperber
and Karnath, 2016). Very recent studies even sug-
gest that with the appropriate testing, neglect symp-
toms can be observed in patients with left-
hemisphere stroke (Blini et al., 2016).
In addition, it is also possible that different forms
of neglect, involving personal (i.e. the body) or
extrapersonal space affect differentially the process-
ing of nociceptive stimuli. And, finally, it might be
that increased computational costs, related to updat-
ing the canonical body representation, impart differ-
ential attentional loads in different degree of neglect
severity. Future studies should address all these
questions, also including new theoretical views
about spatial neglect (Karnath, 2015). These consid-
erations, however, do not question the results of this
study, as here our aim was to explore if any form of
defect in the representation of the surrounding space
can influence the perception of pinprick stimuli.
The fact that crossing the hands can exert some-
times beneficial and sometimes detrimental effects in
the detection of somatosensory stimuli has been
reported by various authors. Previous studies have
suggested that patients with unilateral spatial neglect
and tactile extinction improve the number of per-
ceived stimuli when the hands are crossed (Aglioti
et al., 1999). However, subsequent studies did not
fully replicate this finding (Vaishnavi et al., 2001;
Bartolomeo et al., 2004), suggesting that a part of
the improvement/decrement in the performance can
be ascribed to non-spatial attentional effects, related
for instance to higher attentional demands of the
task. This explanation finds support from an fMRI
study we conducted (Torta et al., 2013), in which
we observed that responses to mechanical stimuli
applied onto the crossed versus uncrossed hands eli-
cited reduced responses in parietal cortices, but
increased responses in insular and cingulate regions,
possibly suggesting an additional contribution of
non-spatial attentional effects.
The possibility that the position of the hand in the
peripersonal space influences the detection of unilat-
eral stimuli applied onto the contralesional hand
deserves future investigations. Indeed, it is possible
that the lack of significant differences in this study can
depend on the high force of the applied stimuli. Previ-
ous studies, with the exception of Sambo et al. (2012)
who have utilized electrical stimuli, have studied the
phenomenon by applying light finger touches. Sambo
et al., by recording somatosensory event potentials
(SEPs) in one patient, have suggested that beneficial
effects of crossing the hands in the perception of tactile
stimuli are reflected by increased amplitude of the
P70, suggesting that the effects occur as early as at the
level of primary somatosensory cortices.
Our results may be of interest beyond the neu-
ropsychological domain. Research has shown that,
after a stroke, around 8% of patients may develop
post-stroke pain (Andersen et al., 1995; Bowsher,
1999; Widar et al., 2002; Hasson et al., 2009; Klit
et al., 2014). Klit and colleagues (Klit et al., 2014)
recently suggested that early evoked pain (including
pinprick pain) can be a predictor for the develop-
ment of central post-stroke pain. Interestingly, these
authors also highlighted that this factor is not a per-
fect predictor. Our data, by showing that the percep-
tion of stimuli is influenced by cognitive factors,
highlight the need of conducting more comprehen-
sive examinations which take into account also neu-
ropsychological factors.
In conclusion, our data are the first that formally
explore the possibility that unawareness of space
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influences the detection and the perception of
mechanical punctate stimuli, and corroborate previ-
ous findings of thermal extinction (Liu et al., 2011).
Our results confirm that the elaboration of nocicep-
tive somatosensory stimuli is influenced by the rela-
tive position of the hand in the space surrounding
the body, and by the integrity of the representation
of this space. Nonetheless, our results also raise sev-
eral questions on the mechanisms and the conditions
underlying these effects that may be relevant for the
clinical practice.
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